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Abstract 

We study the low energy phenomena induced by the lightest charged Higgs in the private Higgs 
(PH) model, in which each quark flavor is associated with a Higgs doublet. We show that the 
couplings of the charged Higgs scalars to fermions are fixed and the unknown parameters are only 
the masses and mixing elements of the charged Higgs scalars. As the charged Higgs masses satisfy 
with M b < M c < M s < M d . u , processes involving i?-meson are expected to be the ideal places 
to test the PH model. In particular, we explore the constraints on the model from experimental 
data in B physics, such as the branching ratio (BR) and CP asymmetry (CPA) of B — > X s ^y, 
Bds — P>d iS mixings and the BR for B — > K*(. + l~. We illustrate that the sign of the Wilson 
coefficient for B — > X s ^ can be different from that in the standard model, while this flipped sign 
can be displayed by the forward-backward asymmetry of B — ► V£ + £~ with V a vector meson. We 
also demonstrate that B^^ — Bd,s mixings and their time-dependent CPAs are negligible small and 
the BR of B — > K*l + £~ can have a more strict bound than that of B — > A77. 
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I. INTRODUCTION 



The masses of quarks and charged leptons are dictated by the Yukawa sector in the 
standard model (SM) through the simple and elegant Higgs mechanism, where the vacuum 
expectation value (VEV) of the Higgs field, determined by massive gauge bosons, indicates 
the scale of the electroweak symmetry breaking (EWSB) with (H) = v/y2 = 246 GeV. 
According to the data, there appear mass hierarchies in the generations of charged fermions 



such as m u <C m c <C m t 
m c ^> m s but m u < 



ma <C m s <C mi, and m e -C m M <C m T , while m t ^> mj and 
ij. In the SM, due to the scale of the EWSB being fixed by the 
VEV of the Higgs field, the mass hierarchies are ascribed to the finetuning of the Yukawa 
couplings. 

In the Cabibbo-Kobayashi-Maskawa (CKM) matrix defined by Vckm = Vl^F^ w ith 
the unitary matrix V^ D ^ for diagonalizing the quark mass matrices, it is known that the 
off-diagonal elements denoted by (Yckm)^ are suppressed by the Wolfenstein parameter 
A jsj. If the effects of A are turned off, one immediately finds = V®. In other words, 
small elements of (Vckm)^ imply that the structures of the Yuwaka matrices for up and 
down type quarks should be close to each other. However, based on the above discussion, 
the similarity of the mass structures is not respected by the data. Plausibly, we need to 
extend the Yukawa sector to explain the mass hierarchies. 

In order to evade the drawback of the finetuned Yukawa couplings, a new type of solutions 
to the mass hierarchy is recently proposed in Refs. % |5|], in which the authors extend 
one Higgs doublet in the SM to multi-Higgs doublets with each gauge singlet right-handed 
fermion associated with one Higgs doublet. Hereafter, the model is called as the private 
Higgs (PH) model 4J. The philosophy of solving the mass hierarchies in generations is 
now to utilize the hierarchy of VEVs of scalar fields instead of the hierarchy of the Yukawa 
couplings. Although many new neutral and charged scalar bosons are introduced in the PH 
model, most of the effects are suppressed by the heavy masses. In addition, the PH model 
provides the candidate of dark matter. The detailed study could be referred to Ref. 6|j. 

Since top and bottom quarks are the first two heaviest fermions, the dominant new effects 
are expected to be associated with the Higgs doublets, denoted by <3>t,b> respectively. Since 
m t ^> m& implies (<fr t ) ^> ($&), $6 gives the dominant new physical effects if we take $ t 
as the SM Higgs. Accordingly, we anticipate that the B-meson system could be the good 
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environment to probe the special character in the PH model. In this paper, we study 
the effects of the private charged Higgs bosons on the rare flavor changing neutral current 
(FCNC) processes, such as B q — B q mixings and b — > q{pi,t r t~) decays with q=s, d. These 
processes are expected to be sensitive to the charged Higgs sector. 

The paper is organized as follows. In Sec. [TTJ we briefly summarize the PH model. 
In Sec. IHIt we study the contributions of the charged Higgs scalars on B q — B q mixings, 
B — > Xg'j, B q — > and B — > (P, V)£ + £~ decays. The numerical results and their 

discussions are given in Sec. IIVI Finally, we present the summary in Sec. |V] 



II. CHARGED HIGGSES IN PRIVATE HIGGS MODEL 



To examine the charged-Higgs effects in the PH model, we first review the model proposed 
in Ref. 4|]. In the model, as the hierarchy of the scalar VEVs is used to understand the 
fermion masses instead of the arbitrary Yukawa couplings, the SM with one Higgs doublet 
is extended to include six Higgs doublets so that each Higgs doublet can only couple to one 
flavor with imposing a set of six Z 2 discrete symmetries. In addition, six gauge singlet real 
scalars are introduced to achieve the spontaneous symmetry breakings. For simplicity, we 
will take only one singlet scalar field 5" in our discussion. The six-singlet case can be easily 
accommodated but our results on FCNCs remain the same. Under the discrete symmetries, 
the transformations for the flavor and the scalars are set to be 



fn —f. 



R 



s ^ -s. 



(1) 



where / denotes the possible flavor of the quark, $/ is the associated Higgs doublet scalar 
and S is the gauge singlet scalar. Since the left-handed quark belongs to the 577(2) doublet 
of two flavors, we require that it is invariant under the discrete transformations. Accordingly, 
the related scalar interactions with the electroweak gauge and Z 2 discrete symmetries are 
given by 4J 



C 



d,sd»s-^(s 2 * 



"f) +£ 



E 



(2) 



where = id^ — g~ ■ — g'^r is the covariant derivative, Mf is the mass of v s is 
the VEV of S, v x is a free parameter, the values of 7///, a///, bffi and Cff are regarded as 
the same order of magnitude, and Cy stands for the Yukawa sector to be given. Since the 
top quark is the heaviest quark with its mass close to the EWSB scale, it is natural to take 
as the Higgs doublet in the SM. Therefore, to develop a nonzero VEV of $ t to have the 
EWSB spontaneously, the condition of M t 2 /2 < g s tv 2 s should be satisfied. Consequently, the 
relevant scalar potential with the leading terms is given by 

\ / 2 \ 2 2 

LT _ A s I C 2 _ V x \ ( f \ 2 f 



V m = X ^ 2 J + A * - 9*&*l*t ■ ( 3 ) 

By minimizing Eq. ([3]), the VEVs of S and $f are obtained as 



vi 1 A. A 



2 2 A s A t - g 



2 W X ) 
St 



(^) 2 -| = ^ 2 - (4) 

We now discuss how to get the small VEVs for Unlike the case for $ t , we need to 

adopt the condition Mf > ^/gjjv s for / 7^ t. The relevant subleading scalar potential for 

We note that although the coefficients of a t f, b t f and c t f are similar to 7^/ in magnitude, 
their effects are sub-subleading and negligible due to the associated VEVs of scalar fields 
being much less than v s . Similarly, by minimizing Eq. (jSJ) the VEV of is given by 4| 

Clearly, if we set j t f to be the same order of magnitude for a different /, the hierarchy of 
VEVs could be obtained by controlling Mf, i.e., the heavier Mf is, the smaller ($°) will be 
for f^t. 

After introducing the strategy to obtain the EWSB spontaneously as well as the small 
VEVs of the scalar fields with / 7^ t, we can proceed to investigate the characters of the 
charged Higgs scalars in the PH model. In terms of SU(2)l x U(1)y gauge symmetries, the 
Yukawa sector is given by 

L Y = -Q' L Y D <f>vd' R - Q'lYu&vu'r + h.c. , (7) 



where Q' L = (u',cL')l and q' R denote the doublet and singlet of SU(2)l, respectively, and 
Yd{u) is the 3x3 Yukawa matrix for down (up) type quarks. In the flavor space, $d,u are 
also 3x3 matrices, given by 



( $ d \ 



D 



V 



o $ s o 
o o $ fc 



f $u o ' 



u 



/ 



V 



o $ c 
0$, 



(8) 



/ 



where 



(0 + ,0 o )£) and $[/ = iT 2 $u are the Higgs doublets of SU(2) L , which couple to 
D = (d,s,b) and U = (u,c,t), respectively After the EWSB with the shifted scalar fields 

0° =-^=(v F + H F + iA F ), (F = D , U) , 



the mass terms of quarks in the Yukawa sector are developed to be 

r 

*— mass 

with 



-d' L Y D ^-^rd' R - u'tYtj—^Lu't, 
a/2 



( 



\ 



(9) 



Vd{u) 
v s(c) ■ (10) 

y o o v h( t) j 

To avoid the large FCNCs at tree level, we adopt the Yukawa matrices in Ref. {4], given by 



Y ij - 'VA/ + <?j 



(11) 



where Q = U and D, \q ~ 0(1) and e* 3 C 1. By combining with v<i(u) <C u s ( c ) <C u&(t), the 
quark mass matrices can be simplified as 



M; 



I) 



/ 


(m d ) 2X 2 


e d2xl 




( 


(m u ) 2X 2 


e \ 

e «2xl 








, M u = 








V 


0lx2 






V 


0lx2 





12) 



where dia(m d(u) ) = X D (u)( )/v2 correspond to the light quarks and m 6 ( t ) = 

^D(u)Vb(t)/V2 the first two heaviest quarks, e d(n)n = e^ U) v b{t) / \/2 and e d(u ) 21 = 
e 23 I V2- To get the physical states, we use Vjfjj and to diagonalize the mass 
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VgMuVjl* and M£ ia = VfM D V£\ The individual informations on 



matrices, i.e. M^ ia 
V? and can be obtained by 



M diat M dia 



VgMlM Q Vg j , 



(13) 



respectively, where 



M Q M\ 



m 9 mt + e g et 



V 



m H e 



m 



, M^Mq 



« ) 



V 



4 m ? 



(14) 



with ran — (^6, mt). Due to m# ^> e q ,m q , it is a good approximation to take ~ 
l+A% L y Furthermore, from Eq. (JHJ), one observes that the off-diagonal elements of MqMq 
are much larger than those of MqMq and thus, A® ~ 0(e q /m H ) and A^ ~ 0{m q e q /m 2 H ). 
As a result, at the leading order approximation the right-handed unitary matrices could be 
taken as identity matrices. Consequently, we obtain 



A? 



A 



-in 



-a 



(15) 



a v " / 3i run Aq 

It is clear that the induced FCNCs at tree level due to the Yukawa terms are suppressed 
by €{ 3 /\d- Although we cannot get a simple relation for (A^)jj with i,j < 3, the FCNCs, 
involving the first two generations at tree level, will be suppressed by the heavy masses of 
<i>d,s,u- The detailed analysis on the neutral Higgs exchange can be found in Ref. {4]. 

In order to demonstrate that the neutral Higgs mediated FCNC effects will not impose a 
further serious constraint on the parameters for the charged Higgs, below we give an explicit 
discussion on the B q — B q mixing. According to Eq. ([7]), the relevant Yukawa terms are 
given by 



£y = -Q' Li Y Diq q' R $ q , + h.c. 



(16) 



where q' denotes the flavor of d-, s- and b-quark. Due to $b being the next lightest scalar, 
in terms of mass eigenstates the dominant effects for FCNCs at tree level in the B processes 
are written by 



C 



AB=1 



-du{V L D ) z AY D ) j3 b R < 



(17) 



From the previous analysis, since the off-diagonal elements of the flavor mixing matrix for 
the right-handed quark are small, Eq. (I17|) only involves the flavor matrix matrix of V®. 
Using Eq. (TIT]) and Vjf wl + Af , we see that 

(VFh(Y D ) j3 « A%<5 i3 + %ef 3 + A D (Af ) y< J i3 + 0(e D2 ) . (18) 

Furthermore, with the result of X D (A^)j 3 rs — ej^ shown in Eq. (TT5|) . we find that the 
mediated FCNCs not only are associated with the parameter e D , but also appear in (e D ) 2 . 
As a result, the contributions to the B q — B q mixing are proportional to (e £) ) 4 /m 2 o- Clearly, 
by choosing some suitable small value of e D and m^ b ~ TeV, they could be smaller than the 
current data. In other words, the neutral Higgs mediated AB = 2 processes will not provide 
a further constraint on the parameters for the charged Higgs related effects. 

Now, we only pay attention to the charged Higgs related effects. With the physical 
eigenstates of quarks, the charged Higgs interactions to quarks can be found in Eq. (j7j), 
given by 

C H+ = -ulVckm [V?Y d ] $£d R + u R $+[V?Y u yVcKMd L + h.c , (19) 

where $p is a 3 x 3 matrix and its definition is similar to Eq. (|5]). We note that <frp does 
not represent the physical charged Higgs scalars. Since there are six Higgs doublets in the 
model, basically we have 5 physical charged Higgs scalars and one charged Goldstone boson, 
which is usually chosen to be 



G+= £ ^ (20) 

f=t,b,c,s,u,d 



with v = C^fvj) 1 / 2 . Therefore, to study the effects of physical charged Higgses, in general, 
one needs to consider a 6 x 6 mass matrix for these charged scalar fields. According to 
our earlier analysis, the hierarchy of quark masses is represented by the hierarchy of VEVs 
of the scalar fields. Due to v t ^> Vf^u h should be a good approximation to take v ~ 
a/ vl + v\ + vl = \/2(mf + ml + m 2 ) 1 / 2 , i.e., (f)f almost aligns to the Goldstone boson. 
Then, the lightest charged Higgs will be the Moreover, since M& < M c -C M s <C M^ U i 
the scalar mixing effects associated with (j)^ d u could be neglected due to the suppression of 
their heavy masses. Based on the character of the PH model, the interesting effects of the 
charged Higgses are in fact only associated with (pf, <p£ and Effectively, the charged 
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Higgs mass matrix is a 3 x 3 matrix, which is similar to that in the Weinberg three-Higgs- 



doublet model 



71 



Interestingly, if we further neglect the effect of the situation returns 
to the conventional two-Higgs-doublet model [8|. By using Eqs. (TTT1) and (ITS]) , we obtain 
that diag(V^ Yq) ~ (1, 1, 1). Moreover, from Eq. (|19p . we find that the sizable effects due 
to the charged Higgs scalars are related to iib R and i R q F , where the vertex for the former 
is given by J2k=i( V CKMhk[VL Y D]k3 while the latter Yl=i\VL Y u\\ k {VcKM)kq- It has no 
doubt that the coupling Y^ k =i^ycKM)3k\V L D Y D \ k 2, is dominated by k=3. However, it is more 
complicated for the coupling Yll. =1 [VjfYi/y 3k (VcKM)kq- To see it, we take q = s with the sum 

3 

y~] [VlYu] 3k (Yckm) ks = [VlY u ]1 1 (V C km)us + [VlYu]1 2 (Vckm)cs 

k=l 

+ [VEYu\Uv C KM)ts « 4 f A + eg + V u ■ (21) 



In terms of Eq. f|T5|) , the CKM matrix can be expressed by V C km = VgV? « 1 + - Af . 
Accordingly, we get V ts ~ (A^) 32 — (A^) 32 = — ej^/Aj/ + e 32 /\r>. Thus, in the phenomeno- 
logical analysis, we can choose a suitable value of A £>([/) so that V ts > e 32 . The dominant 
effect for the vertex of i^q R could be simplified to be Vu, i-e., the 3-3 element of [V^Yjy] is 
the main contribution. 

In order to compare with the conventional two-Higgs-doublet model, we rewrite Eq. f|T9|) 
in terms of quark masses and Eq. (fTO]) as 

C H + = -V2u L V CK Mm D \ D 1 ^+d R + V^un^+mxjVj^VcKMdL + h.c. (22) 

If we take V^,^ = t 3x3 /v,i(u) and ^d(u) = -^d(w)^ 3x3 ' we can e£LS ily get the formulas for 
the charged-Higgs interactions in the two-Higgs-doublet model to be 

£^ ggs = _^ L y cKMUlDdR El + y/2u R m v V C KMd L — + h.c. (23) 

v d v u 

Furthermore, by using the relationships of 

G + = cos (3H+ + sin/3#+, 

H + = - sin pH+ + cos (3H+ (24) 

with cos (3 = Vd/v, sin/? = v u /v and v = \/v% + v%, we have 

Cfl sgs = (2V2G F ) 1/2 (-u L V C KMnivd R + u Rmi jVcKMdL)G + 

+ (2 V / 2G F ) 1/2 (tan/5M L ^ M m D ^ + cot (3u R m v V C KMd L ) H + . (25) 
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III. PHENOMENOLOGIES IN B DECAYS 



According to the discussions in Sec. [TTJ we know that there is an essential difference in 
the couplings of the charged Higgs scalars and quarks between the conventional multi-Higgs 
and PH models. For instance, if we turn off the CKM matrix elements, from Eq. (TT9"j) we 
see clearly that the couplings in the former are directly proportional to the masses of quarks 
but those in the latter do not involve new free parameters in the leading contributions. 
In addition, in the former case, there are no intrinsic limits on the charged Higgs masses, 
whereas in the latter case, the masses have a preceding hierarchy stemmed from Eq. Q). 
Consequently, we speculate that the lightest charged Higgs scalar with the couplings of order 
one in the PH model might have interesting phenomenologies in rare decays suppressed in 
the SM. From Eq. (I19p . one can easily find that the large novel effects are associated with t 
and b quarks and the corresponding charged Higgs scalars are mostly the first two lightest 
ones of <ftf and . Hence, in the following analysis, we will concentrate on the rare 5-meson 
processes involving FCNCs due to the charged Higgs scalars. 

A. B Std - B s>d mixings 

It is known that all neutral pseudoscalar-antipseudoscalar oscillations in the down type 
quark systems have been seen. In the SM, since the oscillations are induced from box 
diagrams, they are ideal places to probe the new physics effects. As mentioned early, since 
<f)^ d are much heavier than <p^~ b , their contributions to the processes in the A-system are 
small, whereas significant contributions in the B-system could be possible. 

To calculate B q — B q (q=d, s) mixings in the PH model, we first consider the diagrams 
displayed in Fig. [1] due to the gauge and charged Higgs bosons in the loop. The crossed 
diagrams of internal bosons and fermions are included in the calculations but not explicitly 
shown up in the figures. To see the mixing effects of the charged Higgs scalars, we present 
the diagrams in terms of unphysical states. However, we will formulate the results based 
on the physical ones. Since Figs. [U(b) and (d) involve the heavy charged Higgs the 
contributions must be much smaller than those by Figs. [T](a) and (c) and therefore, they 
can be ignored. The effective four-fermion interactions for AB = 2 from Figs. Ufa) and (c) 
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FIG. 1: Box diagrams for the B q — B q mixing induced by gauge and charged Higgs bosons. 



are given by 



|| (V tq V; b f m 2 w (^C tb ) F (y t , x t ) b^P L qb^P L q . 



m 



(26) 



n 



HW 



with 



F{a,b) 



1 rxi i>X2 

dxi / d%2 j dx% 
Jo Jo 



X\ - x 2 + x 3 



[1 — (1 — a)xi — (a — b)x 2 } 2 



where x t = m 2 /m 2 v , y t = m 2 /m 2 H+ and C t b denotes the unknown mixing element between 
<pf and ■ As discussed early, if we regard that the effective charged Higgs scalars are 
<f)f, <p b and 4)+, their mixtures are similar to those in the Weinberg's three-Higgs-doublet 
model. In general, Ctb is a complex number. Here, for simplicity, we have only shown 
the contributions of the lightest physical charged Higgs denoted by H + , referred as private 
charge Higgs. Besides Fig. [T], the diagram in Fig. [2] also yields an important contribution to 
the mixing. From Eq. (|19p . we find 




FIG. 2: Box diagrams for B„ — B q mixing arisen from charged scalar bosons. 



n 



HH = b-(Vt d V tb ) m w 



C tb m w m t 
g 2 m H + m H + 



G (y t ) bP L qbP L q 



(27) 
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with 

2 l + x 

(l — x) 1 (l — x) A 

To examine the B q oscillating effect, we parametrize the matrix elements as 9| 

4 



[B q \(qb) V - A (qb)v-A\B q ) « -f Bq B q m B 



(B q \(qb) s+P (qb)s+p\B q ) « -jj/l,4r m *«> (28) 

where (gfe)v-A = 97^(1 — 7s)^; (qb)s+p — ?(1 + 7s)^ and /# is the decay constant of B q . 
Accordingly, the B q — > B q matrix elements of Hhw and TLhh are given by 



m1 hw {H) = {KVtb) 2 flAmBqXHw(H) (29) 

where 



v A m b m t 
m w 

5 f C tb m w m t \ 2 

Xhh = H^^rJ (30) 

with g the gauge coupling of SU(2)l- We note that because Xhw has the suppression factor 
of mb/m\yF(y t , Xt), it is much smaller than Xhh- In the following analysis, we will neglect 
the contribution of Xhw- 

To study the influence of new physics on the time-dependent CPA, we write the B q — > B q 
transition by combining results from the SM and new physics as 

M\ 2 = A?fV 2 ^ + A\^ p e 2 ^ P -^ (31) 

where (3 q = arg(—Vt q V t l/V cq V* b ) is the weak CP phase of the SM, 6 q p corresponds to the 
new CP phase in the PH model and A\ 2 is given by 

A qSM = (V t * q V tb ) 2 /I B q m BqVB S Q (x t ) (32) 

with t]b ~ 1 and So(xt) ~ 0.784x ' 76 . Due to AT q <C Am, in the B-system [l|, the time- 
dependent CPA is found to be 



Sj^ Mq ~ Im ( \ = sin(2/5, - 0* p ) 



q 




, r, sin 20™ 



arCtan l-r„cos2gNP ( 33 ) 
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with M d(s) = K s (4>) and r q = A q ^ F /Af™. From Eqs. (}29]) and (pOj), one gets that 9* p = 
9 H + = arg(Ctb) and 

— \Xhh\ ro ,s 

r q = r H = — — - — , 34 

VBS {x t ) 

which is independent of q in the PH model. From Eq. fl33|) . it is readily seen that the 
magnitude of 4>^ p is controlled by r H . 



B. b — > qj decays 

It is known that b — > g7 decays provide strong constraints on the penguin contributions 
from new physics. In this subsection, we examine these decays in the PH model. As an 
illustration, we present the possible dominant effects in Fig. [3J From the figure, we see 
clearly that Figs. E](a) [(c)] and (b) [(d)] involve chirality flip of b [t] and the mixing of 
and 0+ [4>t]- Due to m& m t and the mixing effect of 0^ and 0+ (oc 7 ? &/M| 9 ) being 
much smaller than that of <frb and 0j (oc 7tb/m^), the contributions of Figs. [3]^a) and (b) are 
much smaller than those of Figs. [3]^c) and (d). Therefore, to study the leading effects, the 
results of Figs. [3](a) and (b) can be neglected. Furthermore, if we replace photons in Fig. [3] 
with gluons, gluonic penguins can be also generated by the charged Higgs scalars in the PH 
model. 




FIG. 3: Penguin diagrams for b — > q-y decays by charged Higgs scalars in the PH model. 



From Figs. [3](c) and (d), we conclude that the effective operators from the charged scalars 
have the same structures as those in the SM. In order to include the SM contributions, we 
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write the effective Hamiltonian for b — > as lOj 

6 



H(b - qj) 



7§^ 



i=l 



(35) 



where 0«(/i) are the effective operators at scale and Cj(/i) are the corresponding Wilson 
coefficients. Because the dominant effects of the SM are from the terms with C2, CV 7 and 
C 8 g, we only show the associated operators of 



O 



2 = (qc)v- A (cb) v ^ A 
e 



n 



o 



8tt 2 
9s 

8tt 



m 6 ^(l+7 5 )6F^, 
^6^(1 + 75)^96^, 



(36) 
(37) 



respectively, where (ff')v-A = fl/j,{l— 75)/') e is the electric charge, e/ s is the strong coupling 
constant, a and /3 denote the color indices, T£* with a=l,. . . ,8 are the generators of the 
SU(3)c gauge symmetry and F^ u {GfJ) is the electromagnetic (gluonic) field strength. The 
effective Wilson coefficients by combining the contributions of the W-boson and lightest 
charged Higgs are given by 



W 7 ,8G — 7 7 ,8G + ^77,80 



(38) 



with 



4:m 2 H+ mi, 

r 2 



riH+ 

U 8G 



C tb (Q t I c (y t ) + I d (y t )) 



m t 



-Ctbh (yt) 



(39) 



where C!^, 8G \ denotes the SM result, Q t is the electric charge of the top quark and the loop 
integrals 7 C and Id come from Figs. [3(c) and (d), given by 

3 — x 1 



h(x) 



2(1 -x) 2 (1-x) 3 

1 + X X 



lnx . 



2(1 -xf {l-xf 



\nx . 



(40) 



respectively. 
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C. B q -» £+r and 5 -> (P, decays 



In this subsection, we discuss the leptonic B q — > i + £ and semileptonic B — » (P, 



decays. The effective Hamiltonian for 6 — > in the SM is given by lol . 

GpOL 
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12| 



V^TT 



A? [if^L" + if 2/1 Z, 5 "] 



(41) 



with 



Pf lM = Cf(ji)r/M p Lb -^C^)qia, v k"P R b. 
H 2 ^ = C 10 g7 M Pz,fc , 

l 5 ^ = iy*75^, 



(42) 



where A* = V t * q V t b, k 2 is the invariant mass of the lepton-pair and Cg ff (/i), C w and C^(/x) 
are the Wilson coefficients (WCs) with their expressions for next leading order corrections 
in Ref. 10J. Since the operator associated with C\q is not renormalized under QCD, it is 
the only one with the \i scale free. In addition, by considering the effects from the one- 
loop matrix elements of 0\ = s^Pijop c^^P^c^ and 2 = s^^Pib cj^Plc, the resultant 
effective WC of C 9 is jT" 



efi 



h(z, s) 



C 9 (/i) + (3C , 1 ( yU ) + C , 2 (/x))/ i (^ s) 



— In — 

9 fi 



9 



In 2 + — + -x - -(2 + x)|l 



27 9 



9 



x 



1/2 



hi 



X 



fl-x-X 



— in, for x = 4z 2 /s < 1 , 



2 arctan -, 1 = , for x = 4z 2 /s > 1 



(43) 



with z = m c /mb and s = k 2 /m 2 B . Similar to the SM, electroweak penguin diagrams in Fig. [4] 
mediated by the private charged Higgs scalars can also contribute to b — > q£ + £~ . Therefore, 
in terms of Eq. (j!9p and the mixture of <pf and the results of Z- and 7-penguin are 
formulated to be 



n a+b 



GfOI 

V2n 



\i {-xfq ltl p L b [c v hn - CiljV] 



nil 
n a+b 



+ XZqP R b [C l v l P h t - C l J /P bl d] } , 

GFa M {Y^q^PMin + C» +<2 ^qia a ^P R bh«l 



V2tt' 



(44) 
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respectively, with 



xi 



rtf 



C tb m b m t 



H 



(C t v + C t A )K l {y t ) + -(C t v -C t A )l c {y t 



(C t v I c (y t ) + cos26 w I d (y t )) , 



ana m 
C t b rn t 
Ana m 2 H 
Ctb v 2 rn b m t 
2 m 2 H+ k 2 

Tf-2sm 2 9 w Q f , C A = T? 



QMv, 



t) ! 



(45) 



and 



^i(x) 



l-3x 



1 — x 



4(1 -a;) 2 2(1 - xf 



In a: , 



where T? is the third component of weak isospin and Qf is the electric charge of /. 



(46) 





FIG. 4: Penguin diagrams for b 



decays generated by the charged scalars in the PH model. 



With the effective interactions in Eqs. (1411 and fj44|) for b 
two-body decay B q — > £ + £~ is straightforwardly given by 



■f, the BR for the 



with 



B(B n 



B SM (B n 



) = B SM {B, 



1 



CiXf , CiXim% 



C 



+ + 



10 



C w m b 



O 2 rv 2 

r B T7T^|A?| m Bq f B m l 1 



16tt 3 



4m| 

2 

mi 



1/2 



l°io| 



(47) 



Since the BR is proportional to the lepton mass, obviously, the related decays are chiral 
suppressed. In addition, we see that only the H + mediated Z-penguin has the contribution 
to the decays. In order to study B — > (P, V)£ + £~, we have to know the information on 
the transition elements of B — > (P, V) with various transition currents. As usual, we 
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parametrize the relevant form factors as follows: 



(Hpp)K 
(P(pp)\V 

(V(p v ,e)\V„ 
(V( Pv ,e)\A^ 

(V( Pv ,e)\T, u k» 
(V{p Vy e)\TlX 



B( Pb 
B( Pb 
B(pb 
B(p B 

B(Pb 
B(Pb 



km 

ra B + ra P 
. V(k 2 ) 



P-k 



k{k 2 )k 



/■'• 



P ■ k k^ k P^ , 



m B + ray 
2ra v A (k 2 

-A 2 (k 2 " 



' a pPkP 



e* ■ k 
e* • k 



ra B + ra v 
iT 1 (k 2 )e IMl3p e* a P p k' ) , 



% + (ra B + ra v )A 1 (k ) (^e* 
P-k. 



k 2 



-k 

k 2 M 



T 2 (k 2 ) [ e *p.k-e*-kPA+ T 3 (k 2 )e* ■ k[k, 



P-k 



^ ,(48) 



where (V M , A^, T^, T* v ) = g(7 M , 7^75, ia^, ia^^b, m B ,p,v are the masses of B, pseudoscalar 
and vector mesons, P = p B + pp(y), respectively, k = p B — pp(y) and P ■ k = ra 2 B — ra 2 p , V y 
By equation of motion, we can have the transition form factors for scalar and pseudoscalar 
currents as 

P-k 



(P\qb\B) 
{V\q lb b\B) 



fo(k 2 

ra b 

2ray 



ra b 



e*-qA (k 2 ). 



(49) 



Here, the light quark mass has been neglected. According to the definitions of the form 
factors, the transition amplitudes for B — > (P, V)£ + £~ can be written as 



M, 



7T 



[ra 97 £ fc K l + ra 10 £ £)Kld] 



(50) 



with 



m97 = (C f + c' v x? - v) u - ^C v cU« + 

z ia B "t rap 

mio = (C10 — C A X±) f + + —^-C e A C B+ f , 



C77/T , 



and 



where 



M 



V 



GfoiXI 
V2n 



(51) 



(52) 



Min = iraljE^ape^pyk 13 



rhliC + ra 3 Q7 e* ■ kp Vfl , 



M-2,,, = imX^e^a^pyk^ - mf e* + fa\ Q e* ■ kp VfM , 



(53) 



1(3 



with 



(Cf + C* Xf - rr) + ^C 7 ,T X , 
rriB + my Ar 

l -(m B + m v ) (Cf + C V X X - Y 7 ) A, + ■ kC 7 ,T 2 



^3 A 2 



m\ 



m 2 10 



(Cio - C£*f ) 



m B + my 

^K+m^! (c 10 -cixf) 



^3 A 2 



m 10 



(C w - CiXf ) - ^A CiCf + . (54) 
+ my rn B 

Here, we only pay attention to the light leptons with the explicit effects of rri£ ignored. 

To get the decay rate distribution in terms of the dilepton invariant mass k 2 and 
the lepton polar angle 8, we use the k 2 rest frame in which pi = Ei(l, sin 8, 0, cos 8), 
p H = (E H , 0,0, |£e-| cos 9) with E £ = Vk 2 /2, E H = (m| - k 2 - m 2 H )/(2Vk^) and 
\pu\ — a/ E 2 u — m 2 H . By squaring the transition amplitude in Eq. fl50|) and including the 
three-body phase space factor, the differential decay rate as a function of k 2 and 9 for 
B — > P£ + £~ is given by 

rir n 2 ™ 2 \\ q \ 2 

-^— R = Z ' Pp\pp\ 2 (k 2 - AE 2 cos 2 9) (|m 97 | 2 +|m 10 | 2 ). (55) 
dk^d cos 8 2 a m B 7r b v ' v 7 

For I? — > V£ + £~ , by summing up the polarizations of V" with the identity e v^{p) e Vu{p) = 
( — 5V + P^iPu/p 2 ), from Eq. (1521) the differential decay rate is found to be 
r 2 n 2 \ \ I 2 

Ul y Ur F « | At | r;9|^ 1 2 /;„2 i /( iri2 „ 2 /A (\ ~ 1 |2 , |~1 12 



dk 2 d cos 8 2 8 m 2 B Tr 5 



-Pv {k 2 \py\ 2 (k 2 + 4£ 2 cos 2 #) (|mi 7 | 2 + |m} | 2 ) 



+ 1^! ( fc 2 _ AE 2 cog2 ^ ^2 7 |2 + ^2 o|2) + 2fc 2 (^2 + ^2) 



+ 4-b"VI 4 ( fc2 - 4 ^ 2cos2 ^) (l^9 7 l 2 + Kol 2 ) 

17ly 

- 2^—^\py\ 2 (k 2 — AE 2 cos 2 8) (i?e(m 2 7 m^) + Re(m 2 1Q m%)) 

- 8\p v \E e k 2 [Re(ml 7 rh%) + Re(m 2 97 m\* )] cosd} . (56) 

Here, pu (H = p or V) represents the spatial momentum of the H meson in the S-meson 



rest frame, given by pu = \J E B — m 2 H with E' H = (m B + m 2 H — k 2 )/(2m B ). The forward- 
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backward asymmetry (FBA) is denned by 

J_\ Lu(6)d cos 9dT /dk 2 /d cos 9 

Aps = 1 (57) 

f_i d cos 6dT / dk 2 / d cos 9 

with uj{9) = cos 9/ | cos 9\. Since Eq. f )55l) has no linear term in cos 9, the FBA for B — > P£ + £~ 
vanishes. Hence, only B — > Vi + i~ has a nonvanished FBA, given by 

A v ( p ) _ 1 G 2 F a 2 \X t \ 2 
ApB{k ] ~ dT/dk 2 2*m%** PV 

x [8\p v \E e k 2 (Re(ml 7 ml* ) + Re(m 2 97 m{* ))] . (58) 



IV. NUMERICAL RESULTS AND DISCUSSIONS 

Since the contributions to the processes in the B q mixing, B — ^ A s 7, B q — > £ + £~ and B — > 
(P, V)£ + £~ by the charged Higgs scalars have strong correlations, the new free parameters 
are only and Ctb- On the other hand, we can find constraints among these decays due 
to experimental data. To comprehend the influence of the new charged Higgs on the rare 
decays, we in turn investigate the above processes. As an illustration, we only focus on the 
processes with £ = /i. 

For the B q mixing, besides the mass difference of two physical B-meson states described by 
Am, = 2|Mf 2 |, the time-dependent CPA in Eq. fl33l) is also an important physical quantity 
to display the new physics. To do the numerical analysis, we take f'B d ^f~B~d — 0.184 GeV, 
}'b s ^/b~ s = 0.221 GeV, V ts = -0.04e ift with (3 S = 0.019 and V td = 8.2 x 10" 3 e- i/3d with 
(3 S = -0.375 Q, in which the leading SM results are Amf A/ = 0.52 ps^ 1 and Amf M = 18.25 
ps" 1 . Accordingly, we present the influence of the private charged Higgs in Fig. [51 where 
<p q = 2/3 q — <p q + , m H + is set to be 150 GeV < m H + < 1 TeV and C t b and 9h+ have been 
chosen to satisfy 0.49 < Am d < 0.51 ps" 1 and 17.31 < Am s < 19.03 ps" 1 Q Q- We 



note that although Amj has a very high precise measurement with 0.507 ± 0.055 ps -1 
since the error from the nonperturbative QCD is large, for theoretical estimations we take a 
conservative bound. From the figure, we see clearly that if we only consider the constraints 
of Am^ s , the CP phases extracted from time- dependent CPAs of B — > J/^(Ks, 4>) have 
significant deviations from those in the SM. 

It is known that the BR for B — > A s 7 not only has been measured well to be (3.52 ± 
0.23 ±0.09) x 10" 4 Q but also is consistent with the SM prediction of (3.29 ±0.33) x 10^ 4 
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Am d [ps" ] 



17.2 17.4 17.6 17.8 
Am s [ps" ] 



FIG. 5: (a) [(b)] <j> d[s] = 2f3 d[s] - 0gj versus Am d[s] 

Hence, B — > X s ^ could give a strict constraint on the parameter; 
simply get the bound, we adopt the BR for B — > X s j to be 

B(B — > X s 7) £ ; 7> (i_ ( 5) £ ;max 



17| 



^NL (5) 



6a 


v t * s v tb 


2 


Tif{ml/ml) 




2 



-Knlo(£) 



^ fcy(£)Re (aC*) + k$(5)Be (c$C* 7j ) , (59) 



,j = 2,7 7 ,8G 
i < j 



where 5 denotes the fraction of the spectrum above the cut, E, 



max 

7 



m b /2, f(z) 



8z 3 — z 4 — 12z 2 \nz is a phase-space factor, Knlo stands for the next-leading-order (NLO) 
effect, C$ is the NLO effect of C 7l and the values of fcy and k$ are given in Table [H Here, 
we have only considered the case with 5 = 0.3. According to the results in Ref. 



3, 



the 



TABLE I: Values of fc,- (in units of 10" 2 ) with <5 = 0.3 



13] 



8 


&22 


k 77 


&88 


&27 


^28 


&78 


k {1) 


0.30 


0.11 


68.13 


0.53 


-16.55 


-0.01 


8.85 


3.86 



relevant Wilson coefficients with charged Higgs contributions are found to be 

C 77 « -0.31 + 0.67C7^ + + 0.09C 8 ^ + , 
C 8G « -0.15 + 0.70C 8 ^ + , 

C« = 0.48 - 2.29C£ + - 0.12C 8 ^ + . (60) 
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We can also investigate the direct CPA for B — > X s ~f, given by 17| 



B{B X sl ) + X s7 ) 
1 



7 7 1 



[1.231m (C 2 C; 7 ) - 9.521m (C 8G C 7 * 7 ) + 0.101m (C 2 C 8 * G )] , (61) 



where the current data is A C p(b — > 57) = 0.004 ± 0.037 [13j. Since the SM prediction is 
less than 1% 181 ]. the formula in Eq. ( IBTI) has neglected the contributions related to the 
KM phase. If any sizable CPA is found, it definitely indicates the existence of some new 
CP violating phases. For B — > Xg'-f, we first display <p q versus Am, in Fig. EJ From the 
figure, it is clear that the BR of B — > X s7 has a very serious constraint on \C t b\ and m#+ so 
that the contributions of the private charged Higgs to the time-dependent CPA become very 
small. To further understand the effects of the charged Higgs on the radiative B decays, we 

0.05 r 



-0.745 - 



— 

r3 



-©--0.75 



-0.755 - 



(a) 



- 0.045 




T3 

r3 



- -©- 



o 0.04 - 



0.524 0.526 
Am [ps" ] 



0.035 - 



0.0, 




0.528 r8.2 18.25 18.3 18.35 18.4 
Am [ps~ ] 



f versus Am^ s ] while the limits of B(B — > X s ^j) = (3.52 ± 



FIG. 6: (a) [(b)] <j> d[s] = 2/3 d[s] - Yd[s 
0.25) x 10" 4 and A C p(b -> 37) = 0.004 ± 0.037 with la errors are considered. 



show the correlation between B(B — > X s7 ) [A C p{b — > 57)] and \C t b\/mH+ in Figs. [7(a) [(b)]. 
Interestingly, those values of parameters, which are satisfied with the bound of B(B — > X s j), 
could still make Acp{b — > 57) at few percent level where the sensitivity is the same as the 
current data. 

Next, we study the implications of the private charged Higgs on b — >• q£ + £~ . According 
to the previous analysis, we learn that BiB — > X s ^) and Acp(b — > s 7 ) could give strong 
bounds on the free parameters in the PH model. With the constraints, we show the BRs 
for B S ( i — > in Figs. E(a) and (b). From the figures, we see that the contributions in 

the PH model are very close to B SM (B s{d) -> /i + /i~) = 3.3(0.14) x 10~ 9 in the SM. Hence, 
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FIG. 7: (a) [(b)] Correlation between B{B — > X s j) (in units of 10 4 ) [Acp(b — > sj)] and parameter 
\C t b\/m H + (in units of 1CT 3 ). 

we conclude that the effects of Z-penguin in Fig. H] are negligible. To estimate the numerical 
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FIG. 8: BR of B q — > ^ + \x when the constraints of B — ► X s 7 are included. 



values for B — > (P, decays, we use the form factors calculated by the light cone sum 

rules (LCSRs), parametrized by [19| 

r 1 r 2 



F(q 2 



+ 



(62) 



1 — q 2 /mf (1 — q 2 /m\) n 
with the associated values of parameters given in Table HT1 and lIHI for B — > P and 5 — > V, re- 
spectively. From Eqs. (|55|) and (156]) and with the same values of parameters for B q — » 
we present the influence of the private charged Higgs on P + — > (i^ + , 7r + , p + )/x + /i~ in 
Fig. We find that the charged Higgs in the PH model has significant effects on the BRs 
for B — > (P, V)£ + £~ . Since the contributions from H + mediated Z-penguin are very small, 



the main enhancements come from the 7-penguin appearing in of Eq. fl39l) and Y 1 of 
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TABLE II: Values of parameters for B — > (if, ir) form factors by LCSRs 



F(q 2 ) 


T 1 


m{ GeV 2 


To 


m\ GeV 2 


n 


f B^K 
J + 


0.1616 


29.3 


0.173 


29.3 


1 


fB^K 
JO 






0.3302 


37.46 


1 


fB^K 
JT 


0.1614 


29.3 


0.1981 


29.3 


1 




0.744 


28.3 


-0.486 


40.73 


1 


fB — >7T 

JO 






0.258 


33.81 


1 


fB^TT 

JT 


1.387 


28.3 


-1.134 


32.22 


1 



TABLE III: Values of parameters for B — ► K*(p) form factors by LCSRs 191 ], 



n 



m\ GeV 2 



''2 



m 2 , GeV 2 



n 



-4 



B-*K*{p) 




^1 



B^K*(p) 



A 



B->K*{p) 



T B^K*{p) 
T B^K*{p) 
T B^K*{p) 



0.923(1.045) 
1.364(1.527) 

-0.084(0.009) 
0.823(0.897) 

-0.036(0.022) 



28.3 
28.3 

52(40.82) 
28.3 

48.1(40.88) 



-0.511(-0.721) 
-0.99(-1.22) 

0.29(0.24) 
0.342(0.212) 
-0.491(-0.629) 
0.333(0.267) 
0.368(0.246) 



49.4(38.34) 
36.78(33.36) 
40.38(37.51) 

52(40.82) 
46.31(38.04) 
41.41(38.59) 
48.1(40.88) 



Eq. Moll . By comparing with the current experimental data, expressed by 



(4.5; 

(0.8; 



-0.9% 
-0.8J 

-0.6% 
-0.4J 



x 10" 



x 10" 



< 5.1 x 10" 



(63) 



we find that the BR of B + — > K* + fi + fi~ in the PH model could be larger than the upper 
value of the current data with la error. In other words, B + — > K* + fi + fi~ provides a more 
strict constraint than B — > Xg'j does. We notice that this result relies on the theoretical 
uncertainty of the nonperturbative B — > (P, V) form factors. However, the QCD errors 
could be controlled well with the form factors extracted from the improved measurements 
on B — > if* 7 and B —> (P, V)£u as well as refined lattice calculations. In addition, by a 
more precise measurement on B — > K*£ + £~, it is also help to make our conclusion more 
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FIG. 9: Correlations of BRs and \C tb \/m H+ for B+ -» tt+, p+) 



solid. Hence, the FCNC process of B — > K*£ + £~ has become an important candidate to 
constrain the new physics. Finally, by using Eq. (l5"Tj) . we plot the results of the FBA in 
Fig. [TQ1 It is clear that the shape of the FBA for B + — > p + fi + fi~ is the same as that for 
B + — > K* + fi + fi~ in the PH model. From the figure, we see that there are two types of 
curves. The curves crossing the zero point denote the SM-like results in which CV 7 and C^i 
are the same sign. However, for another type of curves, CV 7 and are opposite in sign. 
Therefore, to observe the FBA in B — > K*fi + fi~, one can easily judge if the observed CV 7 
has the same sign as that in the SM. 
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FIG. 10: FBAs for (a) B+ -> K* + ^+fi~ and (b) B+ -> p + >+ 
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V. SUMMARY 



We have studied the charged Higgs effects in the PH model, in which each right-handed 
quark is associated with one Higgs doublet in the Yukawa sector and the hierarchy of 
quark masses has been represented by the hierarchy of the Higgs VEVs. It is found 
that the couplings of the charged Higgs scalars to the fermions are independent of the 
masses of quarks and order of unity when the CKM matrix elements are excluded. Due 
to Mb < M c <C M s <C Md t u of the charged Higgs masses, we have explored the interesting 
effects of these scalars in B physics. By considering the constraint from the decay of 
B — > X s 7, the influence of the private charged Higgs on the B q oscillation is negligibly 
small. Nevertheless, the CPA of B — > A57 could reach the sensitivity of the current 
data. Moreover, we have found that the BRs of B — ► (P, V)£ + £~ are sensitive to the 
charged Higgs effects. With the form factors calculated by LCSRs, we have displayed that 
the constraint from the BR of B + — > K* + £ + £~ could be more stringent than that from 
B — > Xs'-f. In addition, we have shown that the sign of CV in the PH model could be 
different from the SM and can be further determined by the FBA of B — > V£ + £~ . 
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